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A dual electrospray ionization (ESI) source employed with hexapole accumulation and gated
trapping provides a novel method of using an internal standard to achieve high mass
accuracies in Fourier transform ion cyclotron resonance mass spectrometry. Two ESI emitters
are sequentially positioned in front of the heated metal capillary inlet by a solenoid fitted to an
XYZ micromanipulator; one emitter contains the analyte(s) of interest and the other an internal
standard. A 5 V transistor–transistor logic pulse from the data station controls the solenoid by
means of a solid-state relay so that matching of spectral peak intensities (i.e., analyte and
internal standard intensities) can be accomplished by adjusting the hexapole accumulation
time for each species. Polythymidine, d(pT)18, was used as the internal standard for all studies
reported here. The absolute average error for an internally calibrated 15-mer oligonucleotide
(theoretical monoisotopic mass 5 4548.769 Da) was 21.1 ppm (external calibration: 41 ppm)
with a standard deviation of 63.0 ppm (external calibration: 624 ppm) for a total of 25 spectra
obtained at various hexapole accumulation time ratios. Linear least squares regression analysis
was carried out and revealed a linear dependence of the magnitudes of the peak height ratios
(analyte/internal standard) vs. hexapole accumulation time ratios (analyte/internal standard)
which is described by the following equation: y 5 0.45 x 20.02. The fitted line had a %RSD
of the slope of 28% with an R2 of 0.93. The applicability of this methodology was extended to
a polymerase chain reaction product with a theoretical average molecular mass of 50,849.20
Da. With the internal standard, d(pT)18, an absolute average error of 28.9 ppm (external
calibration: 44 ppm) based on five measurements was achieved with a standard deviation of
11 ppm (external calibration: 636 ppm), thus illustrating this method’s use for characterizing
large biomolecules such as those encountered in genomics and proteomics related research.
(J Am Soc Mass Spectrom 2000, 11, 876–883) © 2000 American Society for Mass Spectrometry
Fourier transform ion cyclotron resonance massspectrometry (FTICR-MS) introduced by Comisa-row and Marshall is based on the determination
of frequency, possibly the most accurately measurable
variable [1]. The development of electrospray ionization
mass spectrometry (ESI-MS) by Fenn and co-workers
[2] provided a method of transforming nonvolatile and
thermally labile molecules into intact gas-phase ions.
The more recent coupling of ESI with FTICR-MS by
McLafferty and Hunt [3] resulted in a powerful plat-
form for biopolymer characterization [4–8] with the
possibility of achieving ultrahigh mass accuracy over a
wide m/z range. Accurate mass measurements have
been previously used to determine elemental composi-
tion for small molecules [9], but growing interest in
biopolymers has posed new challenges in the accurate
determination of these inherently larger molecules. The
recent intensive interest in proteomics and genomics,
where database searching is essential to identify pro-
teins and protein fragments as well as DNA polymor-
phisms, requires high mass accuracy to differentiate
between species that differ by a few Daltons in tens of
thousands of Daltons.
Accurate mass measurements for FTICR-MS depend
on the ability to accurately measure an ion’s cyclotron
frequency while it is trapped in the homogeneous
region of the magnetic field. Variations in magnetic
field strength, trapping potentials, ion populations, and
excitation variables can produce changes in the cyclo-
tron frequency that must be correctly compensated for
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if accurate mass measurements are to be obtained.
Efforts to account for these variables to increase the
mass accuracy for FTICR-MS can essentially be divided
into two general strategies: external and internal cali-
bration. The former, which relies on a calibration equa-
tion [10] and a matching of total ion intensities for peaks
of the analyte and the calibration spectra, has recently
been shown to yield low ppm mass accuracies for
relatively small ions [11]. Unfortunately, external cali-
bration methods to account for total ion intensity can
become tedious when a variety of ionic species results
in a multiplicity of ion cloud distributions. Moreover,
the use of a calibration equation based entirely on the
total ion intensity [12, 13] may be an over simplification
as proposed by Mitchell and Smith [14]. Regardless of
these intricate arguments [14], it is generally well ac-
cepted that compensation for total ion intensity (i.e.,
variations in the electric field which perturb the fre-
quency of the trapped ions in a linear fashion) is the
dominant factor which must be taken into account to
achieve high mass accuracy [11, 12]. Internal calibration,
also relying on a calibration equation, is based on
measuring ion masses for the analyte and internal
standard under identical conditions. This approach has
been shown to routinely yield improvements in the
determination of molecular masses with high accuracy
and precision [15–17]. Internal calibration is certainly a
more straightforward approach because space charge
effects, trapping, and detection factors are essentially
identical for all species. However, simultaneously ion-
izing and trapping the analyte and internal standard
can be challenging, especially with samples for which
approximate molecular weights and concentrations are
uncertain a priori.
Incorporation of an analyte and an internal standard
simultaneously in solution has previously been accom-
plished successfully in ESI-MS [17–19], but caution
must be taken to match the properties of the analyte to
the internal standard so as to avoid preferential ioniza-
tion. Hydrophobic tendencies [20, 21] and differences in
the location and number of charging sites [21] can result
in preferential ionization of either analyte or internal
standard, even to the limit of complete spectral sup-
pression of either species. Furthermore, significantly
different solution concentrations are typically encoun-
tered when working with biologically derived analytes
where concentration determination is precluded due to
a limited amount of sample and when dealing with a
complex mixture. An alternate approach is the use of
separate ESI sources for each species. The dual nebu-
lizer electrospray source of Andrien et al. [22] was
recently used by Dresch et al. [23] to obtain accurate
mass measurements with an ESI-time-of-flight mass
spectrometer. The multi-ESI-sprayer, multinozzle con-
figuration of Moini and Jiang has also been used for
accurate mass measurement with a time-of-flight mass
analyzer [24].
Burton et al. [25] employed multiple ionization tech-
niques, ESI and matrix-assisted laser desorption/ion-
ization (MALDI), for FTICR as initially introduced by
Tutko et al. [26] to place the analyte and internal
standard simultaneously into a Penning trap. They used
MALDI near the source plate to introduce polymethyl-
methacrylate ions as an internal standard prior to
external ion injection of electrosprayed ions of macro-
lides, carboxylic acids, cyclic aromatics, heterocycles, or
esters. Sub-ppm average errors were achieved with a 7
tesla, highly homogeneous magnetic field [25]. The
main disadvantage of this approach is the requirement
for two ionization techniques; an ESI source for analyte
introduction and MALDI for production of ions from
the internal standard.
This paper describes a novel method to sequentially
accumulate and trap two different species, analyte and
internal standard, from a dual electrospray source,
followed by simultaneous detection of both species in
the Penning trap. Hexapole accumulation and gated
trapping, introduced by Marshall and co-workers [27],
allowed the facile modulation of the gas-phase concen-
trations of each species. Our dual electrospray source in
conjunction with hexapole accumulation has the advan-
tage of being able to compensate for (i) differences in
ionization efficiency, (ii) concentration differences, (iii)
solvent and flow rate preferences, and (iv) emitter tip
variations. All of these can result in drastic intensity
differences such that the analyte or internal standard
would not be observed in the spectrum. Although our
strategy should be broadly applicable in genomics,
proteomics, and pharmaceuticals analysis, we choose to
demonstrate its potential in the analysis of polymerase
chain reaction (PCR) products. Finally, it is important to
note that our approach can be accomplished with
minimal external instrument modifications for ion trap-
ping instruments using electrospray ionization and a
multipole ion guide.
Experimental
All spectra were obtained with a modified ESI-FTICR
mass spectrometer (IonSpec, Irvine, CA) using a 4.7
tesla superconducting magnet (Cryomagnetics, Oak
Ridge, TN) with a 128 mm bore. The magnet has a
60.001% central field homogeneity over a cylindrical
region 2 in. in diameter and 4 in. in length. The ESI
source (Analytica of Branford, Branford, CT) was mod-
ified to accept a heated metal capillary [28] and the
replacement of the single emitter with our dual micro-
electrospray emitter. The ESI emitter tips are pulled
from 50 mm i.d. fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ) in the flame of a Bunsen burner
to ;10 mm or less [29]. The dual emitters are remotely
coupled to the ESI potential and precisely positioned by
a spring-loaded XYZ micromanipulator (Newport 460A
series). Ions are trapped in a 2.38-in. i.d. cylindrical cell
centered in the homogeneous region of the magnet. The
broadband spectra [512 k data points for the 15-mer/
d(pT)18 and 128 k data points for the PCR product/
d(pT)18] were acquired at a sampling rate of 500 kHz
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using an analog to digital conversion (ADC) with 12 bits
of precision. Internal transistor–transistor logic (TTL)
pulses (i.e., 5 V) were fed to a “baby N” connector
(BNC) access panel to operate the solid-state relay of the
dual source.
Figure 1A is a schematic of the dual electrospray
source for sequential accumulation and gated trapping
of ions from the solutions of analyte and internal
standard. The 24 V solenoid (Guardian Electric 2HD-I-
24VCD) is mechanically connected to the micromanip-
ulator that maintained the primary emitter at an axial
distance of 0.5 cm from the inlet of the heated metal
capillary. The secondary emitter, which opposes the
end plate, is 1.5 cm from the primary emitter. For these
studies, the emitters were maintained at 22500 V while
the end plate and capillary were held at 2800 and 2100
V, respectively. The secondary emitter to end plate
potential difference was sufficient to ensure a stable
electrospray prior to alignment with the heated metal
capillary. During an experiment, a TTL pulse from the
BNC access panel energizes the solid-state relay (Cry-
dom DC60S3) placed in series with the solenoid and a 2
A, 24 V dc generic power supply. Upon receiving the
pulse, the relay initiates the solenoid to pull the XYZ
micromanipulator to position the secondary emitter tip
directly in front of the heated metal capillary. A fast
recovery diode (e.g., 1N5415), not shown, across the
solenoid is recommended to eliminate transient volt-
Figure 1. (A) Schematic of the dual ESI source employing sequential hexapole accumulation for
internal calibration. Two ESI emitters remotely coupled to the ESI potential are sequentially positioned
at the orifice of the heated metal capillary by a 24 V solenoid controlled by a solid-state relay. This
setup allows the sequential accumulation and gated trapping of an analyte and internal mass standard
for attaining accurate mass measurements by internal calibration. (B) FTICR experimental pulse
sequence illustrating the sequential accumulation, gated trapping, and simultaneous detection of the
analyte and internal standard. Hexapole ejections are conducted prior to accumulation to ensure
accurate accumulation times and to prevent the mixing of the two species in the hexapole. Changing
the timing of the ESI solid-state relay TTL pulse easily transposes the sequence of accumulation.
Optimization of source potentials for various analytes can be accomplished independently from
internal standard potentials.
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ages from inductive loads during turn-off. All electronic
components were purchased from Newark Electronics
(Chicago, IL).
Figure 1B shows the 15 s experimental sequence
where the ESI solid-state relay TTL pulse positions the
emitter of the internal standard in front of the heated
metal capillary. Hexapole ejection sequences prior to
each accumulation were used to obtain accurate accu-
mulation times and to prevent mixing of the analyte
and calibrant in the hexapole. The high-speed shutter
was closed during these ejections to prevent ions from
reaching the ICR cell. Accumulation times labeled t1
(analyte) and t2 (internal standard) are easily manipu-
lated by altering a sequence event to which all other
events are linked. A 2 ms pulse of argon ensured
dampening of z-axis motion within the Penning trap,
and routinely reduced analyte ion losses during the
subsequent injections as well as dramatically improved
sensitivity for even a single injection of ions. The
requirement for the gas pulse is attributed to our
specific pulse sequence (script); however, it is recog-
nized that removing the pulsed-value event(s) in future
experiments would greatly increase the duty cycle [27].
The 15-mer oligonucleotide was a trinucleotide re-
peat, 59-(CTG)5-39 (Midland Certified Reagent, Mid-
land, TX). The d(pT)18 and electrospray buffer compo-
nents were purchased from Sigma Chemical (St. Louis,
MO). The PCR product was derived from the tet-
ranucleotide repeat region within the human tyrosine
hydroxylase (HUMTHO1) gene from an individual
who is homozygotic for the 9.3 allele as described
elsewhere [30, 31]. Briefly, the amplification using a set
of primers directly flanking the repeating region within
the HUMTHO1 gene results in an 82 base-pair PCR
product and as a consequence of using Taq polymerase,
sticky-ended species are produced (i.e., 39 mono- and
di-adenylated) [32]. The oligonucleotides and the PCR
product were dissolved in a solvent of 60:20:20 aceto-
nitrile:isopropanol:10 mM ammonium acetate with fi-
nal concentrations of 25 mM piperidine and 25 mM
imidazole [33, 34]. Flow rates were 200 nL/min for all
samples, and analyte concentrations were 0.3 mM for
the 15-mer and 2 mM for the PCR product. The internal
standard, d(pT)18, was 0.3 mM during the 15-mer inter-
nal calibration and 0.6 mM for the PCR product calibra-
tion. Prior to electrospray ionization, the oligonucleo-
tides were desalted using a microdialysis approach, and
the PCR product was purified by ethanol precipitation
and microdialysis as previously reported [30, 35, 36].
Concentrations were determined by UV absorbance
measurements. All ESI-FTICR mass spectra acquired for
this study were single acquisitions.
Results and Discussion
Prior to the investigation of a real-world sample (i.e.,
PCR products in this instance), a model system was
chosen to investigate the ability of our approach to
achieve mass accuracies in the low-ppm range on a
routine basis. The d(pT)18 was used as the internal
calibrant because of the inherent stability of thymidine
oligonucleotides as well as its availability and low cost.
The 18-mer was a 3:1 mixture of unphosphorylated and
59 phosphorylated molecules so that in the event of
charge-state overlap between analyte and the 18-mer
reference, the 59 phosphorylated isotopic distribution
could be utilized for internal calibration.
Figure 2 shows the dependence of magnitude-mode
peak intensities for the 15-mer on hexapole accumula-
tion time from 0.125 to 1.0 s while the d(pT)18 used as
the internal standard was held constant at 0.5 s. The
Figure 2. ESI-FTICR mass spectra illustrating the peak intensities
as a function of hexapole accumulation time of the 15-mer
oligonucleotide, 59-(CTG)5-39. Altering the hexapole accumulation
time of an analyte or internal standard allows the optimization of
peak intensities for facilitating internal calibrations. The 15-mer
was electrosprayed at 0.3 mM in 60:20:20 ACN:isopropanol:10 mM
ammonium acetate with a final concentration of 25 mM piperidine
and 25 mM imidazole. The d(pT)18, internal standard, chosen for
its gas-phase stability, was electrosprayed under identical condi-
tions with a total oligonucleotide concentration of 0.3 mM that
includes a mixture with a 59 phosphorylated d(pT)18. The inclu-
sion of the 59 phosphorylated 18-mer allows additional calibration
peaks in the event of charge-state overlap between the analyte and
the d(pT)18. The (M 2 GH 2 3H
1)32 product ion corresponding
to the loss of the nucleobase guanine was subsequently deter-
mined to be formed in the nozzle/skimmer interface.
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main advantage of a dual emitter system in conjunction
with hexapole accumulation and gated trapping is clear
from the data presented in Figure 2. The relative inten-
sities of the peaks for analyte and internal calibrant can
be independently varied by changes in the accumula-
tion time (refer to t1 and t2 in Figure 1) of each species
in the external ion reservoir. Also, because both species
are accumulated temporally, potentials in the ESI
source and accumulation parameters can be tailored
accordingly.
Five single-acquisition spectra containing both the
15-mer and d(pT)18 were acquired for each time interval
shown in Figure 2. Each acquisition resulted in a
transient of 1.05 s corresponding to a data point sepa-
ration in the frequency domain of 0.952 Hz [37]. To
further reduce this frequency spacing, the 15-mer/
d(pT)18 data was zero filled four times resulting in a
data point separation of 0.0596 Hz. This approach
allows for more accurate definition of the true peak
shape and improves frequency (mass) determination,
although it should be recognized that the latter is
limited by the signal-to-noise of the peak of interest
[38]. Furthermore, interpolation often results in mass
accuracy that is not limited by the maximum frequency
error [37]; however, for the study presented here peak
fitting was not carried out [39].
External calibration was accomplished with a spec-
trum of the d(pT)18 acquired immediately before acqui-
sition of the 25 spectra for the 15-mer and d(pT)18
species to eliminate any factors associated with drift in
the magnetic field strength. Both internal calibration
and external calibration were accomplished without
apodization and with four zero fills. The first five
isotopic peaks of the 32 and 42 charge states of the
d(pT)18 were used for a 10-point calibration for both
external and internal calibration.
Table 1 lists the average errors and standard devia-
tions for external and internal calibration of the 25
single acquisition spectra containing both the 15-mer
and d(pT)18 for the various hexapole accumulation
ratios shown in Figure 2. External calibration resulted in
a 41 ppm average error and a standard deviation of 624
ppm with N 5 25 for the monoisotopic peak (i.e.,
4548.769 Da theoretical neutral mass) of the 15-mer; no
monumental attempts were made to match the total ion
intensities of the analyte and calibration file or the
construction of a calibration curve [11]. In contrast,
internal calibration on the same spectra produced an
average error for all 25 spectra of 21.1 ppm with a
standard deviation of 63.0 ppm for the monoisotopic
peak of the 15-mer. The results clearly indicate the
advantage of internal calibration. Examination of the
results for the individual time ratios in Table 1 indicates
no statistical advantage of any of the accumulation time
(intensities) ratios as verified by an F-test, presumably
because all ions are equally influenced by the electrical
fields within the Penning trap, including the fields
derived from the ion populations.
Figure 3 shows results of a LLSRA of the dependence
of the intensity ratios using the most abundant isotopic
peak (15-mer/unphosphorylated 18-mer), normalized for
charge state [40], on the ratio of hexapole accumulation
times (15-mer/18-mer). A linear response is observed
resulting in an equation for the line of y 5 0.45 x 2
0.02 with a %RSD of the slope 5 28% and R2 5 0.93.
Previous work in our laboratory directed at the quan-
Table 1. Mean mass errors and standard deviations for the 15-mer at various hexapole accumulation time ratios using external and
internal calibration
Hexapole accumulation time (s)
15-mer:18-mer Na
External
mean error (standard deviation)b
Internal
mean error (standard deviation)b
1:0.5 5 116 ppm (639 ppm) 22.6 ppm (63.9 ppm)
0.75:0.5 5 161 ppm (66.7 ppm) 22.8 ppm (61.2 ppm)
0.5:0.5 5 157 ppm (65.5 ppm) 21.3 ppm (61.1 ppm)
0.25:0.5 5 140 ppm (64.8 ppm) 20.9 ppm (61.7 ppm)
0.125:0.5 5 131 ppm (68.8 ppm) 12.4 ppm (63.1 ppm)
Total 25 141 ppm (624 ppm) 21.1 ppm (63.0 ppm)
aEach spectrum is a single acquisition.
bMean error for the monoisotopic peak of the 15-mer.
Figure 3. Linear least squares regression analysis plot of peak
intensity ratios of the most abundant isotope of the 15-mer and
unphosphorylated 18-mer as a function of hexapole accumulation
ratio of the 15-mer and 18-mer. The linear response shows that the
matching of the gas-phase ion intensity of the analyte and internal
standard can easily be accomplished by varying the accumulation
time of the species within the external ion reservoir because
spectral intensity is proportional to accumulation time.
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tification of peptides and proteins by ESI-FTICR-MS has
produced slopes and intercepts that are statistically
ideal (i.e., slope 5 unity, intercept 5 zero) [20, 41]. For
the measurements presented here, the slope will be
dependent on numerous factors (e.g., concentration of
each species, ionization efficiencies for each species,
buffer composition, and differences in ESI emitters),
which precludes calculation of a theoretical slope to
compare with the experimental results. Regardless, the
y intercept should statistically be zero and using the
criterion of the 95% confidence interval of the mean, the
intercept is statistically equal to zero (i.e., 20.02 6 0.06
does encompass zero). Importantly, the matching of the
gas-phase ion intensity of the analyte and internal
standard is accomplished by varying the accumulation
time of each species within the hexapole reservoir
because spectral intensity is proportional to accumula-
tion time, assuming the hexapole is not filled to capac-
ity. This is analogous to spiking an unknown sample
with varying amounts of internal standard and subse-
quently obtaining measurements in an iterative fashion
to closely match ion intensities. However, our approach
allows for this process to be accomplished on a time
scale of seconds and does not diminish the integrity of
the sample. This procedure could presumably be auto-
mated with feedback from the data station regarding
peak intensities. Additionally, such an approach could
be adapted to our work relating to the flow injection
analysis of oligonucleotides and PCR products [42, 43].
Figure 4 is one of five successive spectra for an 82
base-pair PCR product obtained with our dual emitter-
hexapole accumulation technique. The spectra were
acquired at an ADC rate of 500 kHz for 128 k points
resulting in a transient of 256 ms, long enough to ensure
capturing the second isotopic beat of d(pT)18 which has
a beat period of 136 ms. Longer time domains were not
acquired for S/N considerations because the second
isotopic beat for the PCR product (e.g., the beat period
is 1.29 s for the 282 charge state) has negligible ampli-
tude at 4.7 tesla. Prior to Fourier transformation, six
zero fills were performed. External calibration was
based on the four most abundant isotopically resolved
peaks for the ions with 32 and 42 charges in the
spectrum obtained for d(pT)18 just prior to the acquisi-
tion of data for the internal calibration. The same
isotopically resolved peaks of the d(pT)18 were used for
the internal calibration of the PCR product under iden-
tical experimental conditions. Accumulation times of 1 s
for the PCR product and 2 s for d(pT)18 produced
maximum peak intensities for both species that were
roughly equivalent.
The expansion plot in Figure 4 shows the isotopic
resolution of the 32 charge state of d(pT)18 is readily
observed along with the 282 charge state for the 82
base-pair PCR product. External and internal mass
accuracies were determined using the five most abun-
dant charge states of the PCR product (i.e., 242 to 282,
252 to 292, or 262 to 302 depending on the spectrum).
External calibration resulted in an average error of 44
ppm with a standard deviation of 636 ppm. Internal
calibration produced an average error of 28.9 ppm with
a standard deviation of 611 ppm. Poor peak shapes for
ions of the PCR product suggest that interpolation (not
presently available with the data station in use) could
provide higher mass measurement accuracy [25]. How-
ever, it should be noted that Zubarev et al. have shown
that for molecular masses above 10 kDa (as are the PCR
products examined here), mass accuracy is limited to
approximately 10 ppm due to the natural variations in
isotopic abundances upon which average mass deter-
mination relies [44].
Independently, Aaserud et al. and Muddiman et al.
illustrated the advantage of accurate mass measure-
ments in determining nucleotide composition from
double- and single-stranded oligonucleotides [45, 46].
Recent studies in our laboratory have shown that mass
accuracies range from fortuitously ;10 ppm to several
hundred ppm even for modest size PCR products (e.g.,
82 base pairs). The benefits of routine low ppm mass
accuracy will become increasingly important for larger
PCR products to determine base compositions (i.e.,
polymorphisms); the largest double-stranded species
detected by ESI-FTICR mass spectrometry exceeds 500
Figure 4. ESI-FTICR single acquisition mass spectrum of the 82
base-pair PCR product (2 mM) simultaneously detected with
d(pT)18 (0.6 mM) included as an internal standard by using dual
electrospray and sequential hexapole accumulation. The expan-
sion spectrum shows isotopic resolution for the 32 charge state of
the internal calibrant, d(pT)18, as well as the mono and di-
adenylated peak for the 282 charge state of the PCR product.
Internally and externally obtained experimental masses were
derived from the five most abundant charge states from five
sequentially acquired single-acquisition mass spectra.
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base pairs [36]. For example, we have recently shown
that a mass error of 39 ppm or less for an 82 base-pair
PCR product would allow unique determination of
nucleotide composition if both complementary strands
were detected [30]. The gentle nature of the ESI process
presents significant challenges to enable detection of
single-stranded PCR products due to the cumulative
nature of the hydrogen-bonded duplex. Although nu-
merous methods could be invoked to prepare single-
stranded PCR products, we have recently demonstrated
that selective digestion by lambda exonuclease of one
strand containing 59-phosphorylation is a viable strat-
egy [31]. Thus, one could determine the nucleotide
composition of larger PCR products by accurate mass
measurements obtained by the internal calibration pro-
cedure based on the dual electrospray and hexapole
accumulation method described here.
Variations of the method were also explored for both
the 15-mer and PCR product calibration. Reversing the
order of accumulation and subsequent ion injection of
each species did not reveal a particular preference (data
not shown). The use of the dual electrospray source to
mix both analyte and internal calibrant in the hexapole
prior to injection was also explored (data not shown).
Although this approach did provide similar data and
inherently shortens the acquisition time, and should
reduce ion losses compared with multiple injections,
this method was more difficult to invoke on a routine
basis for reasons not fully understood at this time.
Furthermore, using sequential injections fully utilized
the ICR cell capacity, whereas the single accumulation
of ions did not, as revealed by magnitude-mode spec-
tral intensities. In addition, the ESI source can be
optimized for each molecular species (e.g., solvent
composition, flow rate, lens stack voltages) using the
sequential mode of operation. These preliminary stud-
ies have provided very encouraging results with future
work directed at a more fundamental understanding of
this approach including simultaneous accumulation of
analyte and internal standard in the external ion reser-
voir. Clearly, the dual electrospray emitters and hexa-
pole accumulation method will be advantageous in
obtaining accurate mass measurements for both small
and large molecules.
Conclusion
We have reported here a broadly applicable strategy for
routinely achieving high mass accuracy in ESI-
FTICR-MS that requires only minor external instrument
modifications and the use of hexapole accumulation.
This dual electrospray ionization and hexapole accumu-
lation strategy eliminates the need to premix analytes
with an internal standard or the use of multiple ioniza-
tion techniques for internal calibration in FTICR. Con-
centrations and ionization variations are readily cor-
rected for by altering the hexapole accumulation times,
which subsequently modulates each species’ total ion
intensity. The introduction of internal calibrant by this
methodology produced low single digit average errors
21.1 ppm for a 15-mer oligonucleotide and an average
error of 28.9 ppm for a 50 kDa PCR product that were far
superior to external calibration. Due to the ease of imple-
mentation, this methodology is now routinely used for all
accurate measurements made in our laboratory.
Note to interested readers: Additional details con-
cerning parts and more detailed schematics can be
found at the following http://saturn.vcu.edu/;dc-
muddim/dualESI.htm.
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